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2 NO(g) + Br2(g) 2 NOBr(g)

3. NO(g) reacts with Br2(g), as represented by the equation above. An experiment was performed to study the

rate of the reaction at 546 K. Data from three trials are shown in the table below.

Trial Initial [NO]
(M)

Initial [Br2 ]

(M)

Initial Rate of Consumption of Br2

(M s 1)

1 0.10 0.20 12.0

2 0.40 0.20 192.0

3 0.10 0.60 36.0

(a) Using the data in the table, determine the order of the reaction with respect to each of the following
reactants. In each case, justify your answer.

(i) Br2

1
st

order; tripling [Br
2
] triples the rate of reaction. One point is earned for correct order with justification.

(ii) NO

2
nd

order. Quadrupling [NO] increases the rate by
16x.

One point is earned for correct order with justification.

(b) Write the rate law for the reaction.

Rate = k [NO]
2
[Br

2
] One point is earned for the correct equation.

(c) Determine the value of the rate constant, k , for the reaction. Include units with your answer.

12.0 M s
-1

= k(0.10)
2
(0.20)

k = 6.0 x 10
3

M
-2
s

-1

One point is earned for setup.

One point is earned for correct numerical result with
correct units.
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(d) For trial 1, determine the initial rate of formation of NOBr(g), in M s 1.

Rate of Consumption of Br2 =
1
2

·rate

of formation of NOBr(g)

Rate = –
1
2

[NOBr]
t

12 M s
-1

=
1
2

[NOBr]
t

24 M s
-1

=
[NOBr]

t

Rate = –
[Br2]

t
=

1
2

[NOBr]
t

12 M s
-1

=
1
2

[NOBr]
t

24 M s
-1

=
[NOBr]

t

One point is
earned for correct
numerical result.

(e) At a later time during trial 2, the concentration of Br2(g) is determined to be 0.16 M.

(i) Determine the concentration of NO(g) at that time.

[Br2]reacting = [Br2]initial – [Br2]remaining

[Br2]reacting = 0.20 M – 0.16 M = 0.040 M

M32.0)
Brmol1

NOmol2
M(0.04-M0.40NO][

2

One point is earned for correct numerical result.

(iii) Calculate the rate of consumption of Br2(g) at that time.

r = (6.0 x 10
3

M
-2
s

-1
)(0.32 M)

2
(0.16 M) = 98M s

-1
One point is earned for correct numerical result.

A proposed two-step mechanism for the reaction is represented below.

Step 1: NO + Br2 NOBr2 slow (rate-determining step)

Step 2: NO + NOBr2 2 NOBr fast

(f) Is the proposed mechanism consistent with the rate law determined in part (b) ? Justify your answer.

No. The rate law for the proposed mechanism
would be 1

st
order in NO, but the experimental

rate law is 2
nd

order in NO.

One point is earned for correct response
with explanation.
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NH4Cl(s) NH3(g) + HCl(g)

1. When solid ammonium chloride is heated, it decomposes as represented above. The value of Kp for the

reaction is 0.0792 at 575 K. A 10.0 g sample of solid ammonium chloride is placed in a rigid, evacuated 3.0 L
container that is sealed and heated to 575 K. The system comes to equilibrium with some solid NH4Cl

remaining in the container.

(a) Write the expression for the equilibrium constant for the reaction in terms of partial pressures (i.e., Kp).

K
p
= P

NH
3
P

HCl
One point is earned for correct equation.

Brackets’[]’ earn zero points. Parentheses are acceptable.

(b) Calculate the partial pressure of NH3(g), in atm, at equilibrium at 575 K.

0.0792 = P
NH

3
P

HCl
= x

2

x = 0.281 atm
One point is earned for correct numerical result.

(c) A small amount of NH3(g) is injected into the equilibrium mixture in the 3.0 L container at 575 K.

(i) As the new equilibrium is being established at 575 K, does the amount of NH4Cl(s) in the container

increase, decrease, or remain the same? Justify your answer.

Increase. Upon addition of NH
3
(g) the reaction

will proceed to the left to return to equilibrium.
This will result in an increase in NH

4
Cl(s).

One point is earned for correct choice with
explanation.

Look for ‘shifts left’, NH
4
Cl inc, because equilibrium shifts to reactants.

(ii) After the new equilibrium is established at 575 K, is the value of Kp greater than, less than, or

equal to the value before the NH3(g) was injected into the container? Justify your answer.

The same. The equilibrium constant is unaffected
by change in concentration or pressure; only
changes in temperature affect K.

One point is earned for correct choice with
explanation.

(d) When the temperature of the container is lowered to 500 K, the number of moles of NH3(g) in the

container decreases. On the basis of this observation, is the decomposition of NH4Cl(s) endothermic or

exothermic? Justify your answer.

Endothermic. A decrease in T causes a reaction
originally at equilibrium to proceed in the
exothermic direction. Since the decrease in T in
this case causes the reaction to proceed toward
reactants, the forward reaction must be
endothermic.

One point is earned for correct choice with
explanation.
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In another experiment, 20.00 mL of 0.800 M NH4Cl(aq) is prepared. The ammonium ion reacts with water

according to the equation NH4
+(aq) + H2O(l) NH3(aq) + H3O+(aq).

(e) Calculate the value of the equilibrium constant for the reaction of the ammonium ion with water.

(At 25 C the value of Kb for NH3 is 1.8 × 10 5.)

K
a
= K

w
/K

b
= (1.00 x 10

-14
)/(1.8 x 10

-5
) = 5.6 x 10

-10
One point is earned for correct numerical result.

(f) A solution is prepared by mixing 20.0 mL of 0.800 M NH3(aq) with 20.0 mL of 0.800 M NH4Cl(aq).

Assume that volumes are additive.

(i) Is the solution acidic, basic, or neutral? Justify your answer.

Basic: ;
]NH[

]OH][[NH
K

4

33
a in this case

[NH
3
]=[NH

4

+
], so K

a
= [H

3
O

+
]. Thus pH = pK

a
.

pK
a
= -logK

a
= -(-9.26) = 9.26.

or

K
b
for the weak base is larger than K

a
for the weak

acid, so the solution must be basic.

One point is earned for indicating that pH = pK
a
.

One point is earned for correct choice based on
correctly calculating or noting the value of pH.

NOTE: Be consistent if K
a
calculated in part (e) is

larger than K
b
.

(ii) Calculate the pH of the solution that would result from adding 0.0200 mol of HCl to the solution.
Assume that the addition of the HCl does not change the volume of the solution.

NH3(aq) + H+(aq) NH4
+ (aq)

I 0.0160 0.0200 0.0160

C -0.0160 -0.0160 +0.0160

E 0 0.0040 0.0320

[H
3
O

+
] = (0.0040)/(0.040) = 0.10M; pH = 1.00

One point is earned for correct calculation of moles
or concentration of reactants prior to reaction.

One point is earned for correct numerical value
of pH.



T h e h a l f - l i f e ( t 1 /2 ) o f t h e c a t a l y z e d i s o m e r i z a t i o n o f c i s - 2 - b u t e n e g a s t o p r o d u c e t r a n s - 2 - b u t e n e g a s ,

r e p r e s e n t e d a b o v e , w a s m e a s u r e d u n d e r v a r i o u s c o n d i t i o n s , a s s h o w n i n t h e t a b l e b e l o w .

T r i a l N u m b e r I n i t i a l P c i s - 2 - b u t e n e ( t o r r ) V ( L ) T ( K ) t 1 /2 ( s )

1 3 0 0 . 2 . 0 0 3 5 0 . 1 0 0 .

2 6 0 0 . 2 . 0 0 3 5 0 . 1 0 0 .

3 3 0 0 . 4 . 0 0 3 5 0 . 1 0 0 .

4 3 0 0 . 2 . 0 0 3 6 5 5 0 .

( a ) T h e r e a c t i o n i s f i r s t o r d e r . E x p l a i n h o w t h e d a t a i n t h e t a b l e a r e c o n s i s t e n t w i t h a f i r s t - o r d e r r e a c t i o n .

F o r a f i r s t - o r d e r r e a c t i o n , t h e h a l f - l i f e i s i n d e p e n d e n t o f r e a c t a n t
c o n c e n t r a t i o n ( o r p r e s s u r e ) a t c o n s t a n t T , a s s h o w n i n t r i a l s 1 , 2 , a n d 3 .

1 p o i n t i s e a r n e d f o r a
c o r r e c t e x p l a n a t i o n .

( b ) C a l c u l a t e t h e r a t e c o n s t a n t , k , f o r t h e r e a c t i o n a t 3 5 0 . K . I n c l u d e a p p r o p r i a t e u n i t s w i t h y o u r a n s w e r .

1/2

10.693 0.693
= = = 0.00693 s

100. s
k

t
-

1 p o i n t i s e a r n e d f o r c o r r e c t n u m e r i c a l a n s w e r w i t h u n i t s .

( c ) I s t h e i n i t i a l r a t e o f t h e r e a c t i o n i n t r i a l 1 g r e a t e r t h a n , l e s s t h a n , o r e q u a l t o t h e i n i t i a l r a t e i n t r i a l 2 ?
J u s t i f y y o u r a n s w e r .

T h e i n i t i a l r a t e i n t r i a l 1 i s l e s s t h a n t h a t i n t r i a l 2

b e c a u s e r a t e = k [ c i s - 2 - b u t e n e ] o r r a t e = k -2-butenecisP ( w i t h r e f e r e n c e

t o v a l u e s f r o m b o t h t r i a l s ) .

O R

b e c a u s e t h e i n i t i a l c o n c e n t r a t i o n o f c i s - 2 - b u t e n e i n t r i a l 1 i s l e s s t h a n
t h a t i n t r i a l 2 a n d k i s c o n s t a n t .

1 p o i n t i s e a r n e d f o r t h e
c o r r e c t a n s w e r w i t h

j u s t i f i c a t i o n .

( d ) T h e h a l f - l i f e o f t h e r e a c t i o n i n t r i a l 4 i s l e s s t h a n t h e h a l f - l i f e i n t r i a l 1 . E x p l a i n w h y , i n t e r m s o f a c t i v a t i o n
e n e r g y .

T h e t e m p e r a t u r e i s h i g h e r i n t r i a l 4 , m e a n i n g t h a t t h e K E a v g o f t h e

m o l e c u l e s i s g r e a t e r . C o n s e q u e n t l y , i n t h i s t r i a l a g r e a t e r f r a c t i o n

o f c o l l i s i o n s h a v e s u f f i c i e n t e n e r g y t o o v e r c o m e t h e a c t i v a t i o n

e n e r g y b a r r i e r , t h u s t h e r a t e i s g r e a t e r .

1 p o i n t i s e a r n e d f o r a c o r r e c t
a n s w e r w i t h j u s t i f i c a t i o n .



C a C O 3 ( s ) C a O ( s ) + C O 2 ( g )

W h e n h e a t e d , c a l c i u m c a r b o n a t e d e c o m p o s e s a c c o r d i n g t o t h e e q u a t i o n a b o v e . I n a s t u d y o f t h e

d e c o m p o s i t i o n o f c a l c i u m c a r b o n a t e , a s t u d e n t a d d e d a 5 0 . 0 g s a m p l e o f p o w d e r e d C a C O 3 ( s ) t o

a 1 . 0 0 L r i g i d c o n t a i n e r . T h e s t u d e n t s e a l e d t h e c o n t a i n e r , p u m p e d o u t a l l t h e g a s e s , t h e n h e a t e d t h e

c o n t a i n e r i n a n o v e n a t 1 1 0 0 K . A s t h e c o n t a i n e r w a s h e a t e d , t h e t o t a l p r e s s u r e o f t h e C O 2 ( g ) i n t h e

c o n t a i n e r w a s m e a s u r e d o v e r t i m e . T h e d a t a a r e p l o t t e d i n t h e g r a p h b e l o w .

T h e s t u d e n t r e p e a t e d t h e e x p e r i m e n t , b u t t h i s t i m e t h e s t u d e n t u s e d a 1 0 0 . 0 g s a m p l e o f p o w d e r e d C a C O 3 ( s ) .

I n t h i s e x p e r i m e n t , t h e f i n a l p r e s s u r e i n t h e c o n t a i n e r w a s 1 . 0 4 a t m , w h i c h w a s t h e s a m e f i n a l p r e s s u r e a s i n

t h e f i r s t e x p e r i m e n t .

( a ) C a l c u l a t e t h e n u m b e r o f m o l e s o f C O 2 ( g ) p r e s e n t i n t h e c o n t a i n e r a f t e r 2 0 m i n u t e s o f h e a t i n g .

2

=

(1.04 atm)(1.00 L)
= = = 0.0115 mol CO

L atm
(0.0821 )(1100 K)

mol K

PV nRT

PV
n

RT

1 p o i n t i s e a r n e d f o r t h e p r o p e r s e t u p
u s i n g t h e i d e a l g a s l a w a n d a n a n s w e r

t h a t i s c o n s i s t e n t w i t h t h e s e t u p .



( b ) T h e s t u d e n t c l a i m e d t h a t t h e f i n a l p r e s s u r e i n t h e c o n t a i n e r i n e a c h e x p e r i m e n t b e c a m e c o n s t a n t

b e c a u s e a l l o f t h e C a C O 3 ( s ) h a d d e c o m p o s e d . B a s e d o n t h e d a t a i n t h e e x p e r i m e n t s , d o y o u a g r e e w i t h

t h i s c l a i m ? E x p l a i n .

D o n o t a g r e e w i t h c l a i m

E x p l a n a t i o n I : I n e x p e r i m e n t 1 , t h e m o l e s o f

C a C O 3 = 5 0 . 0 g /1 0 0 . 0 9 g /m o l = 0 . 5 0 0 m o l C a C O 3 .

I f t h e r e a c t i o n h a d g o n e t o c o m p l e t i o n , 0 . 5 0 0 m o l o f C O 2

w o u l d h a v e b e e n p r o d u c e d . F r o m p a r t ( a ) o n l y 0 . 0 1 1 5 m o l w a s

E x p l a n a t i o n I I : T h e t w o d i f f e r e n t e x p e r i m e n t s ( o n e w i t h 5 0 . 0 g

o f C a C O 3 a n d o n e w i t h 1 0 0 . 0 g o f C a C O 3 ) r e a c h e d t h e s a m e

c o n s t a n t , f i n a l p r e s s u r e o f 1 . 0 4 a t m . S i n c e i n c r e a s i n g t h e

a m o u n t o f r e a c t a n t d i d n o t p r o d u c e m o r e p r o d u c t , t h e r e i s n o

w a y t h a t a l l o f t h e C a C O 3 r e a c t e d . I n s t e a d , a n e q u i l i b r i u m

c o n d i t i o n h a s b e e n a c h i e v e d a n d t h e r e m u s t b e s o m e s o l i d

C a C O 3 i n t h e c o n t a i n e r .

1 p o i n t i s e a r n e d f o r d i s a g r e e m e n t
w i t h t h e c l a i m a n d f o r a c o r r e c t

j u s t i f i c a t i o n u s i n g s t o i c h i o m e t r y o r
a d i s c u s s i o n o f t h e c r e a t i o n o f a n

e q u i l i b r i u m c o n d i t i o n .

( c ) A f t e r 2 0 m i n u t e s s o m e C O 2 ( g ) w a s i n j e c t e d i n t o t h e c o n t a i n e r , i n i t i a l l y r a i s i n g t h e p r e s s u r e t o 1 . 5 a t m .

W o u l d t h e f i n a l p r e s s u r e i n s i d e t h e c o n t a i n e r b e l e s s t h a n , g r e a t e r t h a n , o r e q u a l t o 1 . 0 4 a t m ? E x p l a i n

y o u r r e a s o n i n g .

T h e f i n a l p r e s s u r e w o u l d b e e q u a l t o 1 . 0 4 a t m . E q u i l i b r i u m
w a s r e a c h e d i n b o t h e x p e r i m e n t s ; t h e e q u i l i b r i u m p r e s s u r e

a t t h i s t e m p e r a t u r e i s 1 . 0 4 a t m . A s t h e r e a c t i o n s h i f t s t o w a r d

t h e r e a c t a n t , t h e a m o u n t o f C O 2 ( g ) i n t h e c o n t a i n e r w i l l

d e c r e a s e u n t i l t h e p r e s s u r e r e t u r n s t o 1 . 0 4 a t m .

1 p o i n t i s e a r n e d f o r t h e c o r r e c t
a n s w e r w i t h j u s t i f i c a t i o n .

( d ) A r e t h e r e s u f f i c i e n t d a t a o b t a i n e d i n t h e e x p e r i m e n t s t o d e t e r m i n e t h e v a l u e o f t h e e q u i l i b r i u m c o n s t a n t ,
K p , f o r t h e d e c o m p o s i t i o n o f C a C O 3 ( s ) a t 1 1 0 0 K ? J u s t i f y y o u r a n s w e r .



Y e s . F o r t h e e q u i l i b r i u m r e a c t i o n r e p r e s e n t e d b y t h e c h e m i c a l

e q u a t i o n i n t h i s p r o b l e m , a t a g i v e n t e m p e r a t u r e t h e e q u i l i b r i u m

p r e s s u r e o f C O 2 d e t e r m i n e s t h e e q u i l i b r i u m c o n s t a n t . S i n c e t h e

m e a s u r e d p r e s s u r e o f C O 2 i s a l s o t h e e q u i l i b r i u m p r e s s u r e o f C O 2 ,

K p =
2COP = 1 . 0 4 .

N o t e : I f t h e r e s p o n s e i n p a r t ( b ) i n d i c a t e s

C a C O 3 ( s ) h a d d e c o m p o s e d , t h e n t h e p o i n t c a n b e e a r n e d b y s t a t i n g

t h a t t h e s y s t e m d i d n o t r e a c h e q u i l i b r i u m i n e i t h e r e x p e r i m e n t a n d

h e n c e t h e v a l u e o f K p c a n n o t b e c a l c u l a t e d f r o m t h e d a t a .

1 p o i n t i s e a r n e d f o r c o r r e c t
e x p l a n a t i o n t h a t i s c o n s i s t e n t

p a r t ( b ) .
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